The compatibility of graphene in aqueous polymer systems is not fully understood, resulting in limited application of graphene in favor of graphene oxide in aqueous-processed polymer films. This work identifies that the presence of bile salt facilitates the formation of weak gel networks in the polyelectrolyte which are disrupted by the addition of small amounts of surfactant, but not by graphene/surfactant suspension, indicating that the surfactant preferentially associates with sites on the graphene sheets in aqueous suspension even at low pH. UV-Vis absorption, in the 260-270 nm range, shows that the electronic structure is preserved with this method of stabilization, a finding with huge implications for the promotion of aqueous processed graphene into more widespread use.
Introduction
The desirability of solution processed graphene as filler in polymer composite systems is linked to the exceptional strength, electrical and thermal conductivity of this 2-dimensional material coupled with the ease of solution processing and low cost of production. It is immensely challenging, however, to ensure that the physical and chemical interactions between graphene and other constituents of the system do not negate any potential benefits of implementing the graphene. Many recent developments in graphene-reinforced composite technology have bypassed these challenges by opting instead for graphene oxide or graphite oxide as precursors and then chemically or thermally reducing them to graphene oxide filler, sometimes in the polymeric matrix. Reduction of epoxides and hydroxyls on the basal plane restores the sp 2 hybridized structure to the graphenes, thus improving electrical conductivity within the composite. 1 Many methods of implementing graphene into complex systems are based on tuning edge functionalities of the graphene flakes. 2, 3 Reduced graphene oxide is one example of this scheme, but other functionalities are common. Basal plane functionalization is possible, as demonstrated by Bonnani, et al. with carboxyl functionalities designed for DNA capture, but as it is disruptive to the graphitic system of pi-bonds it is unattractive for multi-functional composite materials which are designed for improved conductivity. 4 Bile salt molecules possess unique amphiphilicity with one hydrophobic face, one hydrophilic face and a polar tail. Literature shows that micelles of sodium cholate (NaC) form through hydrophobic associations and that at the critical micelle concentration, half of the NaC is present as micelles of association number 2-10 and the other half is free in solution. 5 Shifting solution parameters like ionic strength and pH can quickly alter this equilibrium. However at neutral pH, these primary micelles will aggregate into large secondary micelles on the order of 20-40 nm (hydrodynamic radius) through hydrogen bonding. 6, 7 Findings reported here include preliminary characterization of complex networks formed between three vastly different constituents in aqueous solutions of water-soluble polyelectrolyte, sodium carboxymethyl cellulose (NaCMC), and aqueous graphene stabilized with sodium cholate (NaC) bile salt. While the initial goal of this work was to identify ways in which aqueous stabilized graphene (ASG) altered the properties of NaCMC solutions, results surprisingly indicated that the weak physical gel formation, characteristic of NaCMC at low concentrations, was in fact not disrupted by the presence of graphene and bile salt. Further unexpected results indicate that when ASG is added to NaCMC solutions the NaC preferentially maintains associations with the graphene flakes and that the presence of polyelectrolyte NaCMC molecules does not result in agglomeration of graphene by hydrophobic association even after 2 months. These results are promising from a processing perspective in that low viscosity NaCMC solutions containing ASG are stable however further characterization of high viscosity NaCMC solutions (>7% wt./vol.) needs to be completed to assess the suitability for processes like additive manufacturing.
Experimental Methods
Suspensions containing both graphene and multi-layer graphene were synthesized from microcrystalline grade graphite powder (2-15 μm, Alfa Aesar) according to the method of Paton, et al. 8 in water with 0.5% wt./vol. sodium cholate hydrate (Sigma Aldrich) surfactant to inhibit re-agglomeration of exfoliated graphene thus stabilizing the flakes in water. Yield of graphene and NaC were approximately 3.8 mg and 1.4 mg per ml DI H 2 O. In order to ensure that the NaC and NaCMC were not mutually inhibiting the dissolution of the other, and that the graphene was stabilized prior to addition of NaCMC, the NaCMC was dissolved at twice the desired final concentration and equal volumes of graphene suspension and NaCMC solution were combined and mixed by gently agitating in a closed centrifuge tube. Solutions were stored at 50°C for up to 72 hours prior to use. Carboxymethyl cellulose (Sigma Aldrich) at 250 kDa molecular weight and degree of substitution of 0.7 was used for this work.
A Perkin Elmer Lambda 25 UV-Visible spectrometer was used to collect absorption spectra of all samples in 1 mm path length quartz cell. Calibration using holmium was done prior to conducting measurements and the background was taken with pure DI water. Scanning electron microscopy (SEM) conducted on a Zeiss SUPRA 55VP FE-SEM was used as a simple method for characterizing the bulk structure of NaCMC films with and without ASG. Samples were sputtered with iridium or platinum and imaging was done at 3-5 kV. TEM was conducted on a Leo 912 with a 2k x 2k digital camera. Samples were prepared on Formvar-coated 325 mesh copper grids at 100kV accelerating voltage. Steady state and dynamic flow properties were collected for all solutions on a TA-Instruments AR-G2 rheometer in 2° cone and plate geometry.
Results and Discussion
UV-Vis Spectroscopy -Preservation of the electronic structure of graphene in aqueous solution is critical if the goal is an improvement in the conductivity of the bulk polymer, otherwise it is simpler to just use graphene oxide. Without a Raman spectrometer readily available, a simple method of characterizing dilute ASG is by investigating the electronic absorption spectra. A shoulder at approximately 280-300 nm in figure 1 is indicative of n-π* transitions of C=O which is present in all samples and shows very low absorption. Aqueous graphene oxide, produced by Hummers' method, is included for comparison and shows nearly identical absorption to the NaCMC. 9 ASG shows increased absorption near 260 nm indicating a significant contribution from the π-π* transition of aromatic C-C bonds of a conjugated sp 2 hybridized system. In absence of conjugation, this transition would normally show up at 230 nm. The red shift to 260 nm reveals the graphite structure was maintained despite the presence of surfactant and polymer in the graphene suspensions. Electron Microscopy -Imaging the graphene by electron microscopy in NaCMC matrix is quite difficult because of the strong dielectric nature of the polymer and thickness of cast films. Novel imaging methods are presented here along with transmission electron microscopy (TEM) images which show that few-layer graphenes are clearly present with some single layers apparent at the edges. The high degree of wrinkling and folding seen in most flakes of ASG, illustrated in figure  2a -b, appears inherent to the shear exfoliation process as all samples exhibited this characteristic. Wrinkles and folds represent barriers to charge carrier mobility and phonon motion which could undermine the benefits of implementing ASG into composite systems. Removing the stabilizer without causing agglomeration of single-layer and few-layer ASG prior to integration into a polymer matrix could enhance these properties of graphene.
In addition to imaging the flakes themselves, electron energy loss spectroscopy (TEM-EELS) was utilized in an attempt to identify NaC on the surface of ASG. The Na-K edge at 1072 eV was used to identify the presence of sodium in figure 2c . The absence of definitive pattern fitting in the overlaid TEM image and corresponding EELS map of Na-K indicates that this method may not be appropriate to represent the presence of NaC molecules on ASG. Additionally, the degree of sodium dissociation from the NaC molecules is not quantified by this data, therefore the Na in the EELS map may be free Na + interacting with the system of pi-electrons on the surface of graphene, trapped in the wrinkles during the drying process, or in solution. seeing it with SEM. It was found that by lowering the pH of suspensions of NaC and graphene, NaC micelles which were not associated with graphenes crystallized and precipitated. The precipitate and supernatant were separated; both were dried at 50°C in air. Graphene flakes with 2-3 layers are easily visible on the surface of NaC crystals from the precipitate in figure 2d.
Imaging is a powerful tool for understanding the degree of folding and wrinkling in ASG, but has proven unsuccessful in determining where on the graphene flakes the NaC is attaching itself. Thermal analysis and electrochemical impedance spectroscopy are being conducted on the samples and will not be presented here, however rheology did reveal information regarding solution structure as a result of the presence of ASG. A more detailed analysis of rheological behavior of NaCMC/ASG suspensions is currently being prepared for submission in a rheology journal and thus will not be presented here, but results here do indicate that NaC/graphene hydrophobic associations are maintained despite the presence of polymer chains.
Rheology -Polyelectrolyte solution structure is strongly influenced by molar mass, degree of substitution (DS), location of substitution on the polymer backbone, and size of the polymer. Clasen and Kulicke have published extensively on the effects of these parameters in cellulose derivative solutions, laying a strong foundation for the development of composite materials based on cellulose derivatives. 11 The degree and locations of substitution are important because they influence the stiffness and size of the NaCMC chains. The locations for substitution are indicated in figure 3 . Heavily substituted chains are stiffer due to electrostatic repulsion and steric hindrance of rotation while lightly substituted chains tend to form more inter-chain hydrogen bonds, thus forming networks at lower concentration. Data presented here are from NaCMC with DS 0.7 (0.7 of 3 possible sites on average are substituted per monomer) for its strong inter-chain hydrogen bonding behavior. Based on complex modulus, relaxation time, and viscosity data reported elsewhere NaCMC solutions form weak physical gels in solution.
11,12
Figure 3: Structure of cellulose derivative, in this case NaCMC, where R indicates substitution sites for CH 2 COOH functional group. The positions are numbered 2, 3, and 6. Substitution is not necessarily complete or homogeneous along the chain due to the nature of the substitution reaction which forms this derivative and there can be any combination of positions substituted, although the 2 and 6 positions are most common.
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Flow sweep data for ASG in NaCMC solutions presented in figure 4 show that despite the strong hydrogen bonding behavior in NaCMC networks, at 3% wt./vol. NaCMC the formation of these networks is not disrupted by the presence of the ASG. A solution containing graphene but no NaC (processed with 0.1% wt./vol. initial NaCMC in place of the NaC) (overlapping with ASG data set in the figure) demonstrates that without NaC similar flow behavior is observed, thus the interactions between NaC and NaCMC are either not occurring, or are not occurring on a length scale sufficient to change the weak physical gel behavior observed in NaCMC solutions.
Investigating the NaC/NaCMC interactions reveals that with graphene absent, the viscosity of 3% wt./vol. NaCMC decreases by two orders of magnitude with only 1.4 mg/ml NaC added, the same amount of NaC present in the ASG. A shift to a higher shear rate in the onset of power law behavior is also observed. 13 For the purpose of comparison, flow sweeps are included for more heavily substituted NaCMC, DS = 0.9 and 1.2, at the same concentration. The greater the degree of substitution, the wider is the Newtonian plateau as shown in figure 4. 
Conclusions
Graphene can be successfully stabilized in suspension with bile salt surfactant and then mixed successfully into carboxymethyl cellulose solutions with no detrimental effects on the graphene, including aggregation. Based on the mechanism of NaC micelle formation in water and the hydrophobicity of graphene, it is reasonable to hypothesize that graphene and NaC are associating through hydrophobic interactions. It is likely, then, that the graphene/NaC binds to the available hydroxyl sites on NaCMC chains by hydrogen bonding interaction, and that this likely occurs at a size scale equivalent to that of the NaCMC inter-chain hydrogen bonds. Implications for this result include the absence of detrimental effects on the weak network formations in NaCMC solutions due to ASG, thus improving the widespread use of ASG in additive manufacturing and printing processes. In solutions containing both NaC and NaCMC, but no graphene, it is unresolved how the increased counterion concentration and the size-difference between NaC micelles and NaCMC affect the flow behavior. It is reasonable to hypothesize that with the NaCMC, the critical micelle concentration for NaC is shifted due to an apparent increased ionic strength. Therefore, hydrogen bonding associations forming between NaC micelles and the NaCMC chains in addition to the counterion environment both play a role in flow behavior. Dialysis to remove sodium ions could reveal the extent to which counterions impact the viscosity and onset of shear thinning.
Finally, a mechanism of removing unassociated NaC from aqueous processing of ASG is hypothesized based on pH-induced crystallization in water which could further improve the casting and flow properties of NaCMC/ASG suspensions. It appears possible to remove free, dissolved NaC from ASG suspensions by lowering the pH of the suspension. Bile salts are particularly susceptible to agglomeration with only small shifts in pH. The presence of few-layer graphene in the SEM image, figure 2d, reveals the possibility that ASG prepared by this method could be stable at much lower concentrations of NaC after the graphene is stabilized and disbursed in aqueous NaCMC with a potentially greater improvement in bulk composite properties. Further work on this result is required for validation.
